The anti-ferromagnetic coupling of a magnetic impurity carrying a spin with the conduction electrons spins of a host metal is the basic mechanism responsible for the increase of the resistance of an alloy such as Cu 0.998 Fe 0.002 at low temperature, as originally suggested by Kondo 1 . This coupling has emerged as a very generic property of localized electronic states coupled to a continuum 2-7 .
The possibility to design artificial controllable magnetic impurities in nanoscopic conductors has opened a path to study this many body phenomenon in unusual situations as compared to the initial one and, in particular, in out of equilibrium situations [8] [9] [10] . So far, measurements have focused on the average current. Here, we report on current fluctuations (noise) measurements in artificial Kondo impurities made in carbon nanotube devices. We find a striking enhancement of the current noise within the Kondo resonance, in contradiction with simple non-interacting theories. Our findings provide a test bench for one of the most important many-body theories of condensed matter in out of equilibrium situations and shed light on the noise properties of highly conductive molecular devices.
The hallmark of the Kondo effect in a quantum dot is an increase of the conductance below T K up to the unitary conductance 2e 2 /h at very low temperature and bias voltage.
This corresponds to the opening of a spin degenerate conducting channel of transmission 1 at the Fermi energy of the electrodes, if only a single spin 1/2 is involved. The non-interacting theory of shot noise predicts no noise for such a quantum scatterer, as a consequence of Fermi statistics 11 . Does such a statement apply to a generic Kondo resonance ?
In this letter, we show that, in contrast to the prediction of the non-interacting theory, a conductor in the Kondo regime can be noisy even though its conductance is very close to 2e 2 /h. We report on noise measurements carried out in single wall carbon nanotube based quantum dots in the Kondo regime. We find an enhancement up to an order of magnitude with respect to the non-interacting (Fermi gas) theory of the shot noise within the Kondo resonance due to charge quantization combined with spin and orbital degeneracy. We can account for this enhancement with a fully interacting theory based on the Slave Boson Mean
Field technique (SBMF). We also find a non-monotonic variation of the equilibrium current fluctuations as the temperature is decreased below T K . Finally, the conductance and the noise obey a scaling law, the Kondo temperature k B T K being the only energy scale. We now study the two ridges, Sample A Ridge 1 (SAR1) and Sample A Ridge 2 (SAR2), corresponding to the gate voltage V G = 11.26V and V G = 11.80V respectively, indicated by an arrow in figure 1a.
Signatures of the Kondo effect are already present in the equilibrium current fluctuations.
From the fluctuation-dissipation theorem, the power spectral density of current noise is expected to be given by the Johnson-Nyquist formula :
where G(T, V sd ) = dI/dV is the differential conductance at temperature T and source-drain bias V sd . However, due to Kondo correlations, G(T, V sd = 0) displays a sharp increase as T for SAR1(SAR2) respectively. The ratio of S I to the Schottky value 2eI sd , where I sd is the current flowing through the nanotube at V sd = 0.84mV , is about 0.84 ± 0.09(0.89 ± 0.1) for SAR1(SAR2) respectively. Therefore, the noise remains sub-poissonian.
In general, the noise properties of carbon nanotubes are affected by the existence of a possible orbital degeneracy, which arises from the band structure of graphene, as recently shown in the non-interacting limit 16 . Therefore, a first step towards the understanding of the measurements presented in figure 2 is to use a resonant tunneling model with two spin degenerate channels, with transmission 
. This corresponds to the so-called SU(4) Kondo effect where the spin and the orbital degree of freedom play an equivalent role 18, 19 in the Kondo screening.
Unfortunately, no full out-of-equilibrium theory of the Kondo effect is available. As shown below, our experiments are carried out in a regime where T ∼ T K /3 and eV sd 3k B T K .
Therefore, one has to choose a low energy theory in order to understand our experiment. . Therefore, we use a SBMF approach which is the simplest one available. In order to account for the orbital degeneracy, we use a SU(4) theory.
Such a model should be regarded as the minimal one to explain our data and one should bear in mind that our samples might be in a regime where the full fourfold degeneracy is only approximately fulfilled. The SBMF has been widely used in the spin degenerate (SU(2)) case to compute the noise in quantum dots in the Kondo regime 25 and in the SU(4) case to study the conductance 18 . We generalize here this approach for the noise. In the SBMF approach, one still uses formulae (1) and (2) replacing D i,res (ǫ) by D SBM F (ǫ, V sd ) which accounts for the interactions in a self-consistent way. It is a Breit-Wigner formula with a level position ǫ 0 and a width Γ which explicitly depend on V sd and T . In the SU(4) limit, one has in the symmetric case:
with Γ 2 ≈ − ) 2 , where x =
From formula (3), D SBM F (ǫ = 0, V sd = 0, T = 0) = 1/2. This contrasts with the general expression of D i,res (ǫ) for which the transmission at zero energy can take any value between 0 and 1. In addition, ǫ 0 and Γ are universal functions of x = eV sd /k B T K and t = πT /T K . Both facts originate from electron-electron interactions. From equations (1) and (3), the conductance is fitted with only one parameter, k B T K . The outcome of the combination of equations (1), (2) 
and T K are obtained from the fitting of the conductance with the SBMF theory. We get the corresponding sets {Sample, Gate voltage, k B T K /e, 2D 0 } as {A, 11.80V, 0.26mV, 1}, {A, 9.67V, 0.181mV, 0.94}, {A, 17.65V, 0.26mV, 0.58}, {A, 11.26V, 0.305mV, 1} and {B, 3.025V, 0.29mV, 0.99}. In order to test the scaling of the noise, we study δS = S exc,0 − S exc,I as a function of δI = I 0 − I as displayed on figure 4c, S exc,(0,I) being the excess noise defined as S exc,(0,I) = S (0,I) (V sd ) − S (0,I) (V sd = 0). We observe the same behaviour for all the 5 ridges which can be fitted as δS = (0.45±0.05)×2eδI +0.2±0.2. The value of the slope is the central quantitative result of this letter. It is close to 1/2 which is the number predicted by the SBMF theory.
For the symmetric case, this value is exact at T = 0 and is a very good approximation up to T = T K /2 (see Supplementary information). Even though T K and/or D 0 can vary by as much as 40%, the noise properties of the Kondo impurity remain invariant. 
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Throughout the paper, a SU(4) SBMF theory is used (as a minimal model). However, the SU(2) SBMF theory does not account for the data (see supplementary information).
When fitting with the SBMF, we have interpolated the low bias expression of Γ with a V sdindependent expression for |V sd | > 0.7meV , ǫ 0 remaining unchanged. Such an interpolation has been widely used (see e.g. 26 ) in order to cope with the well-known phase transition problem of the SBMF approach at high bias (see Supplementary information). Finally, when fitting the temperature dependence of the conductance for all the 5 ridges studied with the empirical formula described in the main section, we have found a s parameter larger than that usually found in the litterature except for the experiment in reference 17, where the SU(4) case was considered for the first time. Note however that it is distinct from the non-interacting resonant tunneling model which would lead to 1/T dependence for large T .
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